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Abstract The format ion of porous silicon ( PSi) involves the transition from perfect monocrystalline silicon to non
perfect crystalline such as polycrystalline or even amorphous structures, depending strongly upon the fabrication conditions
and the nature of silicon substrates. Significant effort has been made to employ various ex situ methods to study crystalline
transformat ion in order to understand the photoluminescence ( PL) of PSi. This paper summarizes the crystalline structures
of PSi fabricated at different condit ions, and compares the advantages of various characterization techniques. TEM can
directly observe the crystalline structures of PSi, but suffers difficulties in the preparat ion of TEM samples and the
possible introduction of amorphous contents. The information of the inter planar distance and the crystallite size of PSi
can be obtained from XRD, while the pore structures ( pore wall and size) based on the proposed structural model can be
obtained from small angle X ray scattering method, with more detailed information about the coordination atoms is
available from X ray absorption fine structure method. Raman spectroscopy is proved to be a non destructive and
quantitative method to characterize the microstructure of PSi when combined with the corresponding models. Finally, the
current problems and future researching trends in the crystalline structures and their characterizations of PSi will be briefly
ment ioned.
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2 Crystalline structures and characterizat ion methods of
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2 1 Crystalline structures
2 2 Characterization methods
















( PL)现象。多孔硅的量子点尺寸下降到 2 3nm, 小




















































































































Table 1 The common methods to characterize the crystalline structure of porous silicon
method principle information
TEM images of thinned sect ions direct, visual, micro scale, dif ficult sample preparation, easy oxidation
SAXS size dependent scattering process details of pore sizes and size distributions
XRD size dependent diffraction peak broadening average crystallite sizes and d spacing values
XAFS sensit ive to coordinated number of atoms in molecular st ructure types, distances, numbers, and disorder degree factor of the coordination
atoms in the vicinity of the absorption atom
Raman size dependent vibration frequencies average crystallite sizes and size distribut ions in micro scale
图 1 孔隙率为 80%的多孔硅样品的电子衍射图: ( a) p
Si, 0 005 cm, 100mA cm2 , 1min, 弱 发 光; ( b ) p Si,
0 02 cm, 100mA cm2 , 1min, 中等发光; ( c) n Si, 0 012 cm,
1 5mA cm2 , 2h, 强发光; ( d) p Si, 40 cm, 20mA cm2 , 5min,
强发光[33]
Fig. 1 The electron diffraction patterns of porous silicon with
80% porosity: ( a) p Si( 0 005 cm) , 100mA cm2 , 1min, weak
luminescence; ( b ) p Si ( 0 02 cm ) 100mA cm2, 1min,
moderate luminescence; ( c ) n Si ( 0 012 cm) , 1 5mA cm2 ,
2h, strong luminescence; ( d) p Si( 40 cm) , 20mA cm2 , 5min,
strong luminescence[33]
2 2 1 透射电子显微镜
透射电子显微镜(TEM)是观测多孔硅网络形貌
和多孔硅纳米晶尺寸的最直接手段










图 2 多孔硅的透射电镜照片: ( a)弱发光样品; ( b, c)中
等发光样品; ( d h)强发光样品[ 33]
Fig. 2 TEM images of the porous silicon: ( a ) weak
luminescence sample; ( b, c ) moderate luminescence samples;

























( 111) , ( 220)和( 311)晶面。图中还可观测到纳米晶
外存在一层无定形态。
图 3 多孔硅的透射电镜照片: n( 111) ( ~ 0 02 cm) , 2V ,
10min, 左为高分辨图,右为对应区域的电子衍射图
Fig. 3 The TEM images of the porous silicon: n ( 111) ( ~
0 02 cm) , 2V, 10min, the high resolution ( left ) and the
corresponding electron diffraction pattern ( right)
2 2 2 X射线方法








XRD峰位前( 28 4!)出现一个肩峰( ~ 27!) , 并归属
为垂直于 ( 111 ) 上 Si Si键 的畸 变。当晶 粒
< 0 1 m,由于晶体结构完整性的下降, 无序度增







式中 L 为晶粒大小(假设球形晶粒则为直径) , 表示
晶粒在垂直于 ( hkl )晶面方向的平均厚度, 单位为
nm; ∀为 X射线波长, 单位为 nm; !为 Bragg 角(半衍
射角) ; B 为衍射线的本征加宽度,用衍射峰极大值
一半处的宽度表示, 单位为 rad。图 4给出了不同电
图 4 不同电流密度下制备的多孔硅粉末的 XRD 谱
图[ 21]
Fig. 4 Broading of the ( 111) XRD peaks for porous silicon




















比较。相对而言,小角 X射线衍射 ( SAXS)法则能
较准确地描述多孔硅样品的尺寸和形貌, 由于 SAXS






利用 SAXS 方法研究了中等掺杂 p Si上
形成的多孔硅孔隙率从 55%增加到 80%时孔结构
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的变化。如图 5的结构模型所示, I m 和 I v 分别为连
接和孔径尺寸, 其数值大小分别表示孔壁厚薄和孔
径大小。由此计算出孔隙率 55%, 68%和 85%的多
孔硅样品其 I m 分别为25 , 29 和40 , I v 分别为
22 , 63 和 227 , 说明高孔隙率导致大孔径和相对
薄的孔壁。SAXS方法操作相对复杂,数据处理也比
较麻烦。
图 5 具有连接结构的非颗粒两相体系, Im 和 I v 分别为
连接和孔径的尺寸[38]
Fig. 5 Schematic drawing of a nonparticulate two phase system






















晶态结构而言, SAXS 和 XAFS并不是建立在晶态结
构的基础上,因此并不能给出晶态信息,但可用于表
征细微和局部结构, 与其他手段共同使用。



































Isph ( #) = ∀∃( L )∀ d
3
q | c ( 0, q ) |
2







I col ( #) = ∀∃( L )∀
dq1dq 2 | c ( 0, q ) |
2







式中, L 为晶粒尺寸, #0 为单晶硅的 Raman峰位,一
般取值~ 520cm
- 1
, %0 为体材料 Raman峰的展宽及

















,波矢 q 以 2& a 为单位。| c ( 0, q) |为傅里
叶系数,不同的晶粒形状有不同的表达形式。∃( L )
为非完整晶态结构中晶粒的分布函数。
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图6 左图为不同腐蚀时间的多孔硅 Raman 光谱, 1min
( ∃ ) ; 5min( % ) ; 8min( & ) ; 实线为单晶硅。右图为拟合得
到的晶粒尺寸( % )和残余应力( ∋ )引起的 Raman 位移随
腐蚀时间的变化图[49]
Fig. 6 The left: Raman spectra measured in the vicinity of the
Si peak for PSi samples with 1( ∃ ) , 5( % ) , and 8( & ) min of
etching time. The solid line represents the spectrum of
monocrystalline silicon. The right: correlation length( % ) and
stress induced shift ( ∋ ) as a function of the etching time[49]
其中 L0 为平均粒径分布, ∋为粒径分布的标准偏
差。图6中左图给出了不同腐蚀时间下形成的多孔












L = - 0 04J + 5 44 ( 7)
图 7 中等掺杂 p( 100) Si施加 0 5V 300s 制备多孔硅的
Raman 光谱及分峰拟合分析
Fig. 7 The Raman spectrum of porous silicon fabricated at
0 5V for 300s on medium doped silicon. The dashed lines show
the deconvoluted peaks by fitting analysis






。图 7给出了本课题组中等掺杂 p( 100) Si
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